Previously, it has been reported that human telomeric DNA sequences could adopt in different experimental conditions four different intramolecular G-quadruplexes each involving three G-tetrad layers, namely Na + -solution antiparallel-stranded basket form, K + -crystal parallel-stranded propeller form, K + -solution (3+1) Form 1 and K + -solution (3+1) Form 2. Here we present a new intramolecular G-quadruplex adopted by a four-repeat human telomeric sequence in K + solution (Form 3). This structure is a basket-type G-quadruplex with only two G-tetrad layers: loops are successively edgewise, diagonal and edgewise; glycosidic conformations of guanines are syn•syn•anti•anti around each tetrad; each strand of the core has both a parallel and an antiparallel adjacent strands; there are one narrow, one wide and two medium grooves. Despite the presence of only two G-tetrads in the core, this structure is more stable than the three-G-tetrad intramolecular G-quadruplexes previously observed for human telomeric sequences in K + solution. Detailed structural elucidation of Form 3 revealed extensive base pairing and stacking in the loops capping both ends of the G-tetrad core, which might explain the high stability of the structure. This novel structure highlights the conformational heterogeneity of human telomeric DNA. It revealed a new folding principle for Gquadruplexes and suggests new loop sequences and structures for targeting in human telomeric DNA.
INTRODUCTION
Telomeres, the ends of linear eukaryotic chromosomes, are important for the chromosomal stability 1 . Human telomeric DNA comprises thousands of tandem repeats of the G-rich sequence (GGGTTA) n , with a 3′-end overhang of 100-200 nt long 2 . Under physiological ionic conditions, these sequences are capable of forming a four-stranded helical structure, known as the G-quadruplex 3-9 , based on the stacking of multiple G•G•G•G tetrads 10 . It has been shown that formation of such quadruplex structures by telomeric DNA inhibits the activity of telomerase 11 , an enzyme that is critical for the proliferation of most cancer cells 12 . Therefore, stabilization of telomeric G-quadruplexes by ligands is a promising strategy for the development of anticancer drugs 13,14 . Previous studies on various four-repeat human telomeric G-rich sequences have revealed a diverse range of intramolecular G-quadruplex structures under different experimental conditions . The human telomeric d[AGGG (TTAGGG) 3 ] sequence adopts in Na + solution an antiparallel-stranded G-quadruplex structure 15 , in which the core is made up of three stacked G-tetrads adjoined by one diagonal and two edgewise loops, giving it a basketlike appearance (Figure 1a) . The glycosidic conformations of guanines around each tetrad are syn•syn•anti•anti; each strand constituting the core is parallel to one adjacent strand and antiparallel to the other adjacent strand; there are one narrow-, one wide-and two mediumwidth grooves. In contrast, the same sequence assumes a parallel-stranded propeller-type Gquadruplex fold (Figure 1b ) in a K + -containing crystal 16 . All four strands of the core are oriented in the same direction; all guanines adopt anti glycosidic conformation and the four grooves are of medium width; the three connecting TTA loops are of the double-chain-reversal type.
Structure of the human telomere in K + solution has attracted intense research 17-44 , as K + is much more abundant than Na + in intracellular environments. However, the presence of multiple G-quadruplex conformations in K + solution makes structure elucidation difficult 17 . This conformational heterogeneity was overcome by altering the flanking nucleotides of the fourrepeat human telomeric sequence 18-20,25-27 and/or by substituting core guanine(s) with guanine analogues 17,20,22-24 such as 8-bromoguanine ( Br G), thus favoring only one predominant form. Based on this approach, two different human telomeric G-quadruplex structures (Figure 1c, d ) with the (3+1) G-tetrad core topology were discovered 18-27 . The (3 +1) core consists of three G-tracts oriented in one direction and the fourth in the opposite direction; one anti•syn•syn•syn and two syn•anti•anti•anti G-tetrads; one wide, one narrow and two medium grooves. Both structures have one double-chain-reversal and two edgewise loops, but they differ in the order of loop arrangements 19 (Figure 1c, d ).
Here, we present the structure of a new intramolecular G-quadruplex conformation formed by four-repeat human telomeric sequences in K + solution. This is an antiparallel-stranded baskettype G-quadruplex involving only two layers of G-tetrads. Interestingly, we found that this Gquadruplex is more stable than its three-tetrad counterparts reported previously for human telomeric sequences in K + solution. Detailed structural elucidation of this G-quadruplex form revealed extensive base pairing and stacking in the loops capping both ends of the G-tetrad core, which might explain the high stability of the structure. This novel structure highlights the conformational heterogeneity of human telomeric DNA. It indicates a new folding principle for G-quadruplexes and suggests new loop sequences and structures for targeting in human telomeric DNA.
RESULTS

Human telomeric sequences adopt a novel G-quadruplex fold (Form 3) in K + solution
Previously, we showed that the natural human telomeric sequences d[TAGGG(TTAGGG) 3 ] and d[TAGGG(TTAGGG) 3 TT] adopted in K + solution predominantly intramolecular (3+1) G-quadruplexes Form 1 ( Figure 1c ) and Form 2 (Figure 1d ), respectively. Both these structures contained three G-tetrad layers, leading to the observation of twelve guanine imino protons at 10.6-11.8 ppm, which were well protected from the exchange with solvent 18-20 .
In contrast, imino proton spectra of the 22-nt natural human telomeric d[(GGGTTA) 3 GGGT] sequence (Table 1) in K + solution displayed a different pattern with two major upfield-shifted peaks at 10.5-10.8 ppm and eight major peaks at 11.4-11.9 ppm (Figure 2a) . At 45 °C, the upfield-shifted peaks were broadened due to the exchange with solvent while the eight other peaks remained sharp ( Figure S1 , Supporting Information), suggesting that the former did not belong to the G-tetrad core. These data suggested that the major form (about 60%) of d [(GGGTTA) 3 GGGT] was a novel G-quadruplex conformation containing only two G-tetrads (see below). Here we will call the d[(GGGTTA) 3 GGGT] sequence natural Form 3. A single Br G-for-G substitution at position G7 of the sequence, resulting in d[GGGTTA( Br G) GGTTAGGGTTAGGGT] (designated as Br G7-Form 3, Table 1 ), further increased the population of this G-quadruplex fold to about 90% in K + solution (Figure 2b ). Characteristic patterns of imino proton spectra observed for several other natural four-repeat human telomeric sequences in K + solution ( Figure S2 ) also suggested formation of Form 3 in these sequences.
UV melting and CD studies of human telomeric G-quadruplex Form 3
We recorded CD spectra of three natural human telomeric sequences and their Br G-substituted versions (Table 1 ) which form predominantly G-quadruplexes Form 3, Form 2 and Form 1 in K + solution, respectively. Their CD signatures are presented in Figure 3a -c. All the CD spectra showed a positive peak at 290 nm, characteristic of antiparallel G-quadruplexes 45 . However, these CD profiles with positive contribution at 270 nm were different from that of the antiparallel basket-type human telomeric G-quadruplex in Na + solution, which showed negative peak at 270 nm. 34 The CD profile of Form 3 ( Figure 3a) showed positive peaks at 250 nm and 270 nm with the intensity of the 270-nm peak lower than that of the (3+1) Gquadruplex Form 1 and Form 2 (Figure 3b, c) .
Melting of the human telomeric G-quadruplexes was monitored by UV absorption at 295 nm. 46 The melting profiles of the three G-quadruplex forms adopted by natural human telomeric sequences and Br G-modified counterparts (Table 1) Table 2 . The T m value of natural Form 3 was higher than those of natural Form 1 and Form 2 by 3 °C and 10 °C, respectively. An appropriate Br G-for-G substitution in each case induced an increase in T m by 4 to 7 °C and the same trend was conserved with T m of Form 3 being 5 to 9 °C higher than the values for Form 1 and Form 2 ( Table 2) . These results were unexpected as Form 3 contained only two G-tetrad layers, while Form 1 and Form 2 contained three G-tetrad layers.
UV melting experiments were performed for different concentrations of Br G7-Form 3. The fractions of folded and unfolded species were determined using two baselines corresponding to the completely folded (low temperature) and completely unfolded (high temperature) states. The normalized melting curves of Br G7-Form 3 at different DNA concentrations, ranging from 10 μM to 250 μM, showed that the melting temperature was independent of DNA concentrations ( Figure 3f ). This indicated that Form 3 was a monomeric intramolecular Gquadruplex, consistent with narrow linewidths of the observed NMR peaks.
NMR spectral assignments
NMR spectral patterns indicated formation of the same general G-quadruplex fold for the major form of the natural human telomeric d[(GGGTTA) 3 GGGT] sequence and its Br G7-substituted counterpart ( Figure 2 ). The spectral correspondence between the two sequences was helpful for the assignments in both cases. The assignments of many resonances in the Br G-substituted sequence could be obtained by comparing spectral patterns of the natural and modified sequences. Conversely, the assignments of several peaks for the natural sequence were obtained or confirmed with help of the corresponding cleaner spectra of the Br G-substituted sequence. This spectral comparison also facilitated the identification of peaks belonging to the major form of the natural sequence.
Guanine imino and H8 protons were unambiguously assigned using the site-specific lowenrichment labeling approach and through-bond correlations at natural abundance 47-50 (Figures 4 , 5 and S3 ; Table S1 ). For example, Figure 4 shows unambiguous assignments of guanine imino protons in d[(GGGTTA) 3 GGGT] using samples containing site-specific 2% 15 N-labeled G. Resonances for thymine residues were unambiguously assigned using samples containing site-specific 2% 15 N-labeled T and systematic T-to-U substitutions 47-50 (Figures S4 -S6 ; Table S1 ). With help of these unambiguous resonance assignments and other through-bond correlation experiments (COSY, TOCSY and { 13 C-1 H}-HSQC), the classical H8/H6-H1′ NOE sequential connectivities could be traced from G1 through T22 ( Figure 6 ). The assignment correspondence between the natural and modified sequences could be seen in Figures 2 , 5 , 6 , and S7-10. The intensity of intra-residue H8-H1′ NOE cross-peaks ( Figure S6 ) indicated syn glycosidic conformation for G1, G7, G14 and G19, in contrast to other residues, which adopted anti conformation.
A basket-type G-quadruplex with only two G-tetrad layers
The arrangement of G-tetrads within the core of Form 3 (for both natural and modified sequences) was deduced from characteristic guanine imino-H8 connectivity patterns around individual tetrads ( Figure 7 ). Connecting corners of this G-tetrad core with linking sequences established a basket-type G-quadruplex fold (Figure 8c ). The core consists of two tetrads, G1•G14•G20•G8 and G2•G7•G19•G15; the hydrogen-bond directionalities of the two Gtetrads alternate clockwise and anti-clockwise; the glycosidic conformations of guanines around the tetrads are syn•syn•anti•anti; each strand constituting the core is parallel to one adjacent strand and antiparallel to the other adjacent strand. The loops are successively edgewise-diagonal-edgewise.
Overall solution structure of human telomeric G-quadruplex Form 3
The structure of Form 3, an antiparallel-stranded basket-type G-quadruplex (Figure 8 ), adopted by the natural and Br G-substituted human telomeric sequences was calculated on the basis of NMR restraints (Table 3 ) (see Methods). The core displays much greater convergence as compared to the loops (Table 3 ). There is extensive stacking between the five-membered rings of guanines from two G-tetrad layers ( Figure 9 ). This stacking pattern is specific for adjacent G-tetrads with alternate clockwise and anti-clockwise hydrogen-bond directionalities 15 .
The strand orientations in the G-tetrad core result in one wide, one narrow, and two medium grooves (Figures 8 and S11 ). The wide groove is formed between two adjacent antiparallel segments G1-G2 and G7-G8, while the narrow groove is formed between the two other adjacent antiparallel segments G14-G15 and G19-G20. On the other hand, two pairs of adjacent parallel strands, namely G1-G2 and G14-G15, and G7-G8 and G19-G20, give rise to the medium grooves (Figures 8 and S11 ).
Structure of loops and caps: formation of base triples and base pairs
The two-tetrad G-quadruplex core is protected at both ends by base triples (Figures 8 and 9 ). The base triple at the top is made up of G9, G13, and G21 (Figure 9b, c) . Formation of this base triple is consistent with the observation of imino protons of G21 and G9 at ∼10.5 ppm (Figure 2 ), characteristic for imino protons hydrogen-bonded to oxygen. In the current structure, imino proton of G21 is hydrogen-bonded to O6 of G9, while imino proton of G9 is hydrogen-bonded to O6 of G13 (Figure 9b, c) . The base triple consisting of G3, A6, and A18 (Figure 9e, f) was observed at the bottom of the G-tetrad core and stacked well under the G2•G7•G19•G15 tetrad (Figure 9e ). Formation of this base alignment was supported by the observation of G3 imino proton (Figures 2 and S3) and NOEs between these bases and the bottom G-tetrad (not shown). This base triple is reminiscent of the G•(C-A) triad observed previously by Kettani et al. 51 ( Figure S12 ).
Structure computation suggested formation of the T11•T22 base pair at the top of the structure ( Figure 9 ) and possibly the T5•T17 base pair at the bottom of the structure. Formation of such base pairs would be consistent with the observation of the imino protons of these thymines at ∼10.5 ppm ( Figure S5 ). The base of A12 further stacks on top of the T11•T22 base pair ( Figure  8 ).
The stacking of thymine bases (T4, T10, and T16) into the hydrophobic grooves (Figure 10 ) might also contribute to the stability of Form 3. At low temperatures and pH 5, the imino protons of these thymines were observed at ∼11 ppm ( Figure S5 ). Such conformations of bases seem to occur often in G-quadruplex loops, as they have also been found in other structures 15,20 .
Analysis of modified sequences
We modified some residues (Table 1) in the top G9•G21•G13 and bottom A18•G3•A6 base triples, in order to probe the importance of these structural motifs. For the top base triple, modification at position G13, either with a G-to-T substitution or with only a replacement of oxygen 6 by a sulfur, seemed to disrupt formation of the G9•G21•G13 base triple but maintain the general fold of Form 3 ( Figure S13 ). For the bottom base triple, substitution of G3 by a T maintained the general fold of Form 3, while replacing A18 by a C favored other G-quadruplex folds ( Figure S14 ).
DISCUSSION A new stable basket-type G-quadruplex with only two G-tetrad layers
Intense research over fifteen years on the structure of four-repeat human telomeric G-rich DNA sequences 15,16,18-20,22,23,25-27 has established formation of four different intramolecular G-quadruplex folds, all involving three G-tetrad layers and TTA loops (Figure 1) . Here we have shown that four-repeat human telomeric sequences can adopt a new basket-type intramolecular G-quadruplex structure (Form 3 in K + solution) involving only two G-tetrad layers (Figure 8 ). Base pairing and stacking in the loops, whose sequences are GTTA, GTTAG and TTA, respectively, contribute to the stability of this form. This new folding principle contrasts the common thought that a DNA sequence containing four tracts of GGG would be most favorable to form G-quadruplexes with three G-tetrad layers. Interestingly, despite the presence of only two G-tetrad layers, Form 3 is more stable than the previously reported threetetrad human telomeric intramolecular G-quadruplexes in K + solution: for sequences listed in Table 1 , the melting temperature of Form 3 is higher than that of Form 1 and Form 2 by 3 to 10 °C. However, it should be noted that the most stable G-quadruplex form for different sequences might be different.
G-quadruplex stability: extensive base pairing and stacking of loop residues
Base pairing and stacking in loops are often found to stabilize G-quadruplexes 20 . In the current structure of the human telomeric G-quadruplex Form 3, extensive base pairing alignments (G21•G9•G13 base triple and possible T22•T11 base pair at the top; A6•G3•A18 base triple and possible T5•T17 base pair at the bottom) were observed in the loops capping both the top and bottom of the G-tetrad core. Combining base pairing layers from each end of the G-tetrad core and the two G-tetrad layers in the core, the structure of Form 3 is made up of totally four to six base pair/triple/tetrad layers (Figure 9 ), which might explain the high stability of this two-tetrad G-quadruplex. This structure can be compared with the dimeric G-quadruplex of d (A 2 G 2 T 4 A 2 G 2 ) which involves two tetrads, two triads and two base pairs 52 . The new folding of Form 3 indicates that the overall G-quadruplex topology of a G-rich sequence is defined not only by maximizing the number of G-tetrads, but also by maximizing all possible base pairing and stacking in the loops.
Basket-type G-quadruplexes in the human telomere
The human telomeric G-quadruplex Form 3 in K + solution (this work) can be directly compared with the basket-type G-quadruplex observed for the human telomeric d[AGGG(TTAGGG) 3 ] sequence in Na + solution 15 . Although the latter contains three G-tetrad layers, the cores of the two structures are quite similar (Figure 11 ), due to the same strand directionality. In both structures, loop arrangements are edgewise-diagonal-edgewise. However, sequences and sizes of these loops are quite different, so are the base pairing and stacking interactions in the loops.
Based on 125 I radio probing, Gaynutdinov et al. 32 proposed a basket-type G-quadruplex fold for human telomeric DNA in K + solution. However, the proposed structure contained three Gtetrad layers, in contrast to the two-tetrad structure observed here.
New loops and implications for targeting human telomeric G-quadruplexes
Intramolecular G-quadruplexes formed by human telomeric DNA sequences are potential anticancer targets. Four different G-quadruplex structures have been solved previously and the basket-type G-quadruplex presented here is the fifth one. The previously reported structures show different configurations for TTA loops in various contexts 16, 18, 20, 23, 26, 27, [53] [54] [55] . It has been suggested that these loops are dynamic and can be good targets for specific ligand recognitions 20,53-55 . In the present structure, for the first time different loop sequences, GTTA and GTTAG, have been observed in the context of human telomeric G-quadruplexes. The concept of loop dynamics and targeting should be therefore extended to these loop sequence variants.
CONCLUSION
Four-repeat human telomeric sequences can form in K + solution a new stable basket-type intramolecular G-quadruplex structure involving only two G-tetrad layers. The new fold revealed new loops (GTTA and GTTAG) in the contexts of human telomeric G-quadruplexes. Extensive base pairing and stacking in the loops contribute to the high stability of this structure.
METHODS
Sample preparation
Unlabeled and site-specific low-enrichment (2% 15 N-labeled or 15 N, 13 C-labeled) DNA oligonucleotides (Tables 1 and S1 ) were chemically prepared using products from Glen Research, Spectra Gases and Cambridge Isotope Laboratories. Samples were dialyzed successively against ∼50 mM KCl solution and against water. DNA concentration was expressed in strand molarity using a nearest-neighbour approximation for the absorption coefficients of the unfolded species 56 . The same extinction coefficient was used for the natural and the Br G-substituted oligonugleotides. Unless otherwise stated, the strand concentration of the NMR samples was typically 0.5-2.5 mM; the solutions contained 70 mM KCl and 20mM potassium phosphate (pH 7).
UV melting experiments
The thermal stability of different DNA oligonucleotides was characterized by recording the UV absorbance at 295 nm 46 as a function of temperature (20 to 90 °C) using a Varian Cary 300 Bio UV-Vis spectrophotometer. The heating and cooling rates were 0.25 °C per minute. Two baselines corresponding to the completely folded (low temperature) and completely unfolded (high temperature) states were manually drawn in order to determine the fractions of folded and unfolded species during the melting/folding transition. The melting temperature (T m ) was defined as the temperature of the mid-transition point. Experiments were performed with quartz cuvettes, 1-cm path-length for low DNA concentrations and 0.2-cm path-length for high DNA concentrations.
Circular dichroism
CD spectra were recorded at 20 °C on a JASCO-810 spectropolarimeter using a 1-cm pathlength quartz cuvette in a reaction volume of 800 μl. The DNA oligonucleotides (8 μM) were prepared in 20 mM potassium-phosphate buffer (pH 7.0) containing 70 mM KCl. The samples were heated at 95°C for 5 minutes and cooled down to room temperature overnight. For each sample, an average of 3 scans was taken, the spectrum of the buffer was subtracted, and the data were zero-corrected at 320 nm. The spectra were finally normalized to the concentration of the DNA samples.
NMR spectroscopy
Experiments were performed on 600 MHz and 700 MHz Varian and Bruker spectrometers at 25°C, unless otherwise specified. Resonances for guanine residues were assigned unambiguously by using site-specific low-enrichment labeling and through-bond correlations at natural abundance 47-50 . Imino protons of thymine residues were assigned unambiguously by using site-specific low-enrichment labeling 47 . Other resonances for thymine residues were assigned following systematic T-to-U substitutions 49 . Spectral assignments were completed by NOESY, COSY, TOCSY and { 13 C-1 H}-HSQC, as described previously [47] [48] [49] [50] . Spectral comparison between the natural and Br G7-substitutted sequences facilitated the identification of peaks belonging to the major form of the natural sequence. ROESY spectra were used to confirm the dipolar interaction nature of peaks observed in NOESY. Inter-proton distances were measured using NOESY experiments at various mixing times. All spectral analyses were performed using the FELIX (Felix NMR, Inc.) program.
Structure Calculations
Inter-proton distances for Br G7-Form 3 were deduced from NOESY experiments performed in H 2 O (mixing time, 200 ms) and D 2 O (mixing times, 100, 150, 200 and 300 ms). Structure computations were performed using the X-PLOR program 57 in three general steps: (i) distance geometry simulated annealing, (ii) distance-restrained molecular dynamics refinement and (iii) relaxation matrix intensity refinement. Hydrogen bond restraints, inter-proton distance restraints, dihedral restraints, as well as planarity restraints were imposed during structure calculations. The detailed procedure is described in the Supplementary Text. Structures were displayed using PyMOL. 58
The structure of natural Form 3 was calculated from the structure of Br G7-Form 3. The bromine atom of a representative structure of Br G7-Form 3 was replaced by a hydrogen atom and the molecule was then subjected to refinement with inter-proton distances deduced from NOESY experiments performed in D 2 O (mixing times, 100 and 300 ms).
Data Deposition
The coordinates for the d[(GGGTTA) 3 Imino proton spectra of (a) the natural 22-nt human telomeric d[(GGGTTA) 3 GGGT] sequence and (b) the modified d[GGGTTA( Br G)GGTTAGGGTTAGGGT] sequence in K + solution with assignments for the major forms listed over the spectra. NOESY spectra (mixing time, 300 ms), showing the H8/H6-H1′ connectivity of (a) the natural d[(GGGTTA) 3 GGGT] sequence and (b) the modified sequence in K + solution. Intra-residue H8/H6-H1′ NOE cross-peaks are labeled with residue numbers. Weak or missing sequential connectivities are marked with asterisks. For the modified sequence (b), the connectivity is broken at position 7 (shown by dotted line) because the proton H8 of G7 was replaced by bromine. Folding of the base of T4, T10, and T16 into the hydrophobic groove of the G-quadruplex, viewing from the side looking into (a) the wide groove (W) and (b) the medium groove 2 (M2). Comparison of (a) the three-tetrad basket-type human telomeric G-quadruplex observed in Na + solution 15 and (b) the Form 3 two-tetrad basket-type human telomeric G-quadruplex observed in K + solution (this work). Table 1 Natural and modified human telomeric DNA sequences (a) . 
